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Abstract. Preeclampsia has been associated with a reduced 
risk of breast cancer (BC), but the mechanisms underlying 
this relationship remain unclear. It has been suggested that 
neutrophil extracellular traps (NETs), which are released upon 
neutrophil activation, play a key role in both preeclampsia and 
BC. To investigate this link, the single‑cell RNA sequencing 
dataset GSE173193 was analyzed and upregulated genes 
BCL2A1 and G0/G1 switch gene 2 (G0S2) were identified in 
neutrophils from preeclamptic placentas. These findings were 
validated using reverse transcription‑quantitative PCR and 
western blotting. Combined analyses of preeclampsia and BC 

tissues, from Gene Expression Omnibus (GSE24129) and The 
Cancer Genome Atlas databases respectively, identified 2,040 
upregulated differentially expressed genes, including BCL2A1 
and G0S2. Furthermore, these genes showed clinical relevance 
to BC, as demonstrated by Receiver Operating Characteristic 
curve, survival analyses and weighted gene co‑expression 
network analysis. Functional experiments revealed that over‑
expression of BCL2A1 and G0S2 increased NET release and 
inhibited BC cell proliferation, invasion and migration. The 
present study provides novel insights into the shared molecular 
pathways of preeclampsia and BC, emphasizing NETs as a 
potential protective mechanism as increased NET produc‑
tion in preeclampsia may contribute to a reduced BC risk by 
influencing tumor progression and offer avenues for further 
research into therapeutic interventions.

Introduction

Preeclampsia is a pregnancy‑specific disease associated with 
obstruction of uterine spiral arteries, excessive activation of 
inflammatory immunity, endothelial cell damage, genetic 
factors, metabolic dysfunction and nutritional deficien‑
cies  (1‑3). In total, ~4 million women are diagnosed with 
preeclampsia annually worldwide, leading to over 70,000 
maternal and 500,000 infant deaths  (4). The prognosis of 
preeclampsia remains elusive, particularly in late onset 
cases. SPARC plays a crucial role in placenta development, 
and its downregulation under hypoxic conditions potentially 
contributes to preeclampsia and ‑associated intrauterine 
growth restriction (5). Similarly, maternal microRNA‑125b 
plasma levels in the first trimester have been shown to strongly 
predict pre‑eclampsia way before clinical manifestations (6). 
Women with a history of pre‑eclampsia have approximately 
double the risk of cardiovascular disease, including cardiovas‑
cular‑related death, coronary artery disease, heart failure and 
stroke, persisting for up to 39 years of follow‑up (7). According 
to global cancer statistics for 2020, breast cancer (BC) is the 
most common malignant tumor worldwide, posing serious 
risks to women's physical and mental health (8). The epidemio‑
logical link between preeclampsia and BC was first described 
in a 1983 case‑control study by Polednak and Janerich, which 
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showed reduced BC risk before age 45 among women with 
preeclampsia during their first pregnancy  (9). Subsequent 
studies over the past 40  years have provided increasing 
evidence of this association.

Neutrophils, the most abundant immune cells, have been iden‑
tified to play a significant role in preeclampsia. In preeclamptic 
patients, neutrophils are heavily activated, increasing superoxide 
production, systemic inflammation and vascular endothelial 
damage (10). Activated neutrophils interact with platelets through 
signaling pathways involving chemokines and adhesion factors, 
contributing to preeclampsia development (11). Platelet‑activating 
factor released by platelets also plays a key role in the condition's 
pathogenesis (12). Previous studies revealed that neutrophils 
accelerate endothelial cell apoptosis through increased NET 
expression, a critical step in vascular endothelial injury in 
preeclampsia (13). In tumors, neutrophils, known as tumor‑asso‑
ciated neutrophils (TANs), are a heterogeneous and integral 
component of the tumor microenvironment, with dual roles in 
tumor promotion and prevention (14,15). Fridlender et al (16) in 
2009 introduced the N1 (antitumor) and N2 (protumor) nomen‑
clature for TANs. Neutrophils can mediate cytotoxicity against 
tumor cells via reactive oxygen species (ROS) such as hydrogen 
peroxide and superoxide, with ROS‑mediated elimination 
depending on TRPM2, an H2O2‑dependent Ca2+ channel (17). 
Neutrophils can also present antigens to T cells, inducing IFN‑γ 
production and adaptive immune responses, or directly interact 
with T cells to lower activation thresholds, aiding tumor cell 
clearance (18,19). These findings suggest that NETs produced 
by neutrophils may provide a crucial link between preeclampsia 
and reduced BC risk.

In recent years, integrative genomic analyses have advanced 
the understanding of shared pathogenesis between diseases. 
The present study employed single‑cell sequencing and bioin‑
formatics to investigate the relationship between neutrophils 
and the reduced risk of BC in preeclamptic patients. Supported 
by in vitro validation, the findings suggest that NETs mediate 
a protective mechanism linking preeclampsia to a reduced risk 
of BC. The pivotal roles of BCL2A1 and G0/G1 switch gene 2 
(G0S2) in regulating neutrophil activity and NET production 
underscore their potential as therapeutic targets for cancer and 
inflammatory diseases.

Materials and methods

Reagents and kits. List of reagents and kits used in the study 
are provided along with company names and cat. nos. in 
Table SI.

Data sources. A scRNA‑seq dataset (GSE173193) was obtained 
from Gene Expression Omnibus (GEO) database (https://www.
ncbi.nlm.nih.gov/geo/). This dataset contained placental tissue 
samples of the gestational diabetes group (n=2), preeclampsia 
group (n=2), advanced age group (n=2) and normal control 
group (n=2). Normal control group (n=2) and preeclampsia 
group (n=2) were used to characterize cellular landscape of 
preeclampsia.

Single cell sequencing data analysis processing
Quality control. Initially, the DropletUtils package (20) was 
utilized to assess the expression levels of each cell and to filter 

out barcoded cells that showed no expression. Next, cells were 
further filtered based on their unique molecular identifier 
counts. Subsequently, the scatter package (21) was employed 
to quantify gene expression in the cells, leading to the exclu‑
sion of cells with mitochondrial gene proportions >10% and 
ribosomal gene proportions <10%. Finally, gene counts were 
obtained.

Data preprocessing and principal component analysis 
(PCA). First, the NormalizeData function from the Seurat 
package (22) was employed to standardize the expression 
matrix of the filtered samples. Next, the FindVariableFeatures 
function was used to identify the first 2,000 genes with the 
most significant differences among cells. Concentrating on 
these genes in subsequent analyses will enhance the detec‑
tion of biological signals in single‑cell datasets. Following 
this, the expression data were linearly scaled using the 
ScaleData function from the Seurat package. Finally, PCA 
was conducted using the RunPCA function within the Seurat 
package.

Cell cluster and annotation. First, principal components 
with high standard deviations were selected. Next, cell 
clustering analysis was conducted using the FindNeighbors 
and FindClusters functions from the Seurat package. Then, 
Uniform Manifold Approximation and Projection (UMAP) for 
dimensionality reduction was performed using the RunUMAP 
function of the Seurat package. Cell types were annotated 
based on the known marker genes.

Identification of marker genes. To identify differentially 
expressed genes (DEGs) between each cluster and all other 
cells, the FindAllMarkers function from the Seurat package 
was utilized. Novel marker genes were determined based on 
the following criteria: (log2FC ≥0.1, a minimum expression 
ratio of cell population=0.25, and P≤0.05), resulting in the 
selection of the top 500 logFC markers (23). Cells were then 
labeled according to the known marker genes, and a cluster 
display diagram was created.

Cell‑cell communication analysis. CellChatv1.1 (24) was 
used to infer the communication between cells according to 
the corresponding receptor ligand gene expression values 
of various cells. And then, the receptor ligand pair network 
between cells was obtained.

Pseudotime analysis. Pseudotime analysis was conducted 
using Monocle (25). First, genes expressed in at least 5% of the 
cells were selected. Next, the reduceDimension function was 
applied to perform dimensionality reduction analysis, followed 
by clustering of the cells using the clusterCells function. The 
differentialGeneTest function was then used to identify candi‑
date genes that differed between the clusters with a P<0.05. 
Dimensionality reduction analysis of the cells was performed 
using the DDRTree method and the reduceDimension func‑
tion based on the candidate genes. Finally, the orderCells 
function was utilized to arrange and visualize the cells along a 
quasi‑chronological trajectory.

DEG analysis and functional enrichment analysis. DEGs were 
identified using the FindMarkers function (test.use=MAST) in 
Seurat. A P<0.05 and a log2 fold change >0.58 were estab‑
lished as the criteria for significant differential expression. 
Gene Ontology (GO) enrichment and KEGG pathway enrich‑
ment analyses of the DEGs were performed using the DAVID 
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database, (https://davidbioinformatics.nih.gov/) encompassing 
all GO categories, including biological processes, cellular 
components and molecular functions.

Identification of significant DEGs in preeclampsia and BC. 
The ‘limma’ function from the R suite was employed to iden‑
tify DEGs from The Cancer Genome Atlas‑BC and GSE24129 
datasets. DEGs were classified as those exhibiting |log2 (fold 
change)|>1 and P<0.01. The findings are presented using 
volcano plots.

Construction and visualization of the co‑expression network. 
The DEGs were analyzed for co‑expression networks using the 
R package Weighted Gene Co‑expression Network Analysis 
(WGCNA) (26). WGCNA was employed to construct a gene 
co‑expression network based on the standardized gene data 
in order to identify the optimal soft threshold. A scale‑free 
network was built using this best soft threshold, and the genes 
were then clustered into functional modules, each repre‑
sented by different colors, with clustering and classification 
performed using the dynamic tree cutting algorithm. Finally, 
PCA was applied to describe the module eigengenes, which 
reflect a unique expression profile for all the genes within 
each module. The correlations between these eigengenes and 
clinical characteristics were calculated to determine which 
modules were clinically relevant.

Patient samples. In the present study, the inclusion criteria 
for patients with BC included a preoperative diagnosis 
confirmed by Mammotome biopsy and no prior history of 
radiation therapy or chemotherapy. Tumor tissue samples, 
along with adjacent normal tissues (control), were collected 
from 3 patients with BC, aged 40 to 70  years, with a 
median age of 55. The inclusion criteria for patients with 
preeclampsia required a clear clinical diagnosis, absence 
of other complications and a singleton cesarean delivery. A 
total of 3 placenta samples were collected from both patients 
with preeclampsia and control subjects, aged 20‑40 years, 
with a median age of 29 in the preeclampsia group and 32 
in the control group. Written informed consent was obtained 
from all study participants for the use of tissue samples 
in scientific research. The present study was conducted in 
accordance with the ethical guidelines and was approved 
(approval no. 2022‑E0118) by the Ethical Review Committee 
of the First Affiliated Hospital of Guangxi Medical University 
(Nanning, China).

Flow cytometric analysis. The cells obtained from freshly 
excised preeclampsia and control tissues were washed 
and centrifuged (300  x  g, 4˚C, 5  min), after which a dye 
was added, and the cells were incubated in the dark for 
30 min before being promptly quantified using flow cytom‑
etry. The detection reagents used were FITC‑conjugated 
anti‑GR‑1 (cat. no. 65140‑1‑Ig; Proteintech Group, Inc.) and 
PE‑Cy5‑conjugated anti‑F4/80 (cat. no. B281020; BioLegend, 
Inc.). Fluorochrome labeling: GR‑1: FITC (detected in FL1 
channel) and F4/80: PE‑Cy5 (detected in FL3 channel). BD 
FACSVerse flow cytometer (Becton Dickinson) was used, 
and data analysis was conducted using FlowJo software 
(version 10; Tree Star, Inc.).

RNA extraction and reverse transcription‑quantitative PCR 
(RT‑qPCR). Total RNA was extracted from preeclampsia and 
BC samples using TRIzol® reagent and cDNA was synthesized 
with the TRUEscript H Minus M‑MuLV Reverse Transcriptase. 
Enzymes and reagents used included: Reverse transcriptase 
(TRUEscript H Minus M‑MuLV; cat. no. PC1703; Aidlab), 
RNase inhibitor (RNasin; cat.  no.  RN3501; Aidlab) and 
nucleotides (dNTP Mixture; 10 mM each; cat. no. PC2403; 
Aidlab). All primers were designed using Primer Premier 
5.0 software (https://primer‑premier.software.informer.com/) 
and were commercially synthesized by Sangon Biotech Co., 
Ltd. GAPDH was used as an internal control. The cDNA 
was stored at ‑20˚C until needed. The reverse transcription 
protocol was performed as follows: 42˚C for 60 min followed 
by 70˚C for 10 min. A two‑step RT‑qPCR was conducted with 
SYBR Green Master Mix (cat. no. PC3302; Aidlab) to assess 
the expression levels of BCL2A1 and G0S2. Thermocycling 
conditions were as follows: Initial denaturation at 94˚C for 
10 min; followed 40 cycles of denaturation at 94˚C for 20 sec, 
annealing at 55˚C for 20 sec and extension at 72˚C for 20 sec. 
The primers used in the present study are listed in Table SII. 
GAPDH was used as housekeeping control. Data were 
calculated using the 2‑ΔΔCq method (27).

Western blot analysis. Total proteins were extracted from 
cells lysed in RIPA buffer (cat. no. P0013B; Beyotime Institute 
of Biotechnology). Next, the concentration of proteins was 
detected by BCA analysis. The extracted proteins were 
collected, denatured and separated using 10% SDS‑PAGE 
gels. The samples (30 µg) were loaded onto the gels, and elec‑
trophoresis was conducted for 120 min. Following this, the 
proteins were transferred to PVDF membranes and blocked 
with 5% skimmed milk by incubation at 37˚C for 2 h. After 
shaking for 1 h, elution was performed. Next, the membranes 
were incubated with primary antibodies (Table SIII) at 4˚C 
overnight with shaking. Next day, the PVDF membrane 
was washed with TBST (0.1% Tween‑20) and subjected to 
secondary antibody (Table SIII) incubation for 1 h at room 
temperature (RT). The images were acquired using the 
Infrared electrochemical luminescence (cat. no. ECL‑0011; 
Beijing Dingguo Changsheng Biotechnology Co., Ltd.). The 
gray value of the target bands was calculated using ImageJ 
software 2.0 (National institutes of Health). The experiment 
was repeated 3 times. The housekeeping gene β‑actin was 
used as loading control.

Immunofluorescence staining. After rehydration through 
graded ethanol (100→70%), tissue sections were washed 
with PBS and underwent antigen retrieval (cat. no. P0086; 
Beyotime Institute of Biotechnology) via microwave heating 
in retrieval buffer at low power for 15 min. Following PBS 
washes, sections were permeabilized with 0.1% Triton X‑100 
for 10 min at RT and blocked with 5% BSA at 37˚C for 1 h. 
Primary antibodies (anti‑BCL2A1 and anti‑G0S2; diluted at 
1:10,000‑1:40,000) were incubated at 37˚C for 2 h, followed 
by 3x5 min PBS washes. Fluorescent secondary antibodies, 
including Cy3‑labeled anti‑rabbit (cat. no. SA00009‑2) 
and FITC‑labeled anti‑mouse (cat.  no.  SA00003‑1; both 
from Proteintech Group, Inc.), were incubated at 37˚C for 
1  h. After nuclear staining with Hoechst (cat.  no.  P0133; 
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Beyotime Institute of Biotechnology) at RT for 15 min and 
final PBS washes, slides were dehydrated in absolute ethanol 
for 1  min, air‑dried, and mounted with antifade medium 
(cat.  no.  P0128M; Beyotime Institute of Biotechnology). 
Images were acquired using an inverted confocal microscope 
(IX71; Olympus Corporation).

Cell culture and transfection. Cells were used to iden‑
tify neutrophils, which were subsequently cultured in 
RPMI‑1640 (cat.  no.  12633020; Gibco; Thermo Fisher 
Scientific, Inc.) medium supplemented with 10% FBS 
+ 1% penicillin‑streptomycin at 37˚C and 5% CO2. Cells 
with favorable proliferation status were transfected with 
50 nM small interfering RNA (siRNA). Cells were seeded 
in six‑well plates at a density of 5x105 cells per well and 
cultured until reaching 80% confluency. Transfection was 
then performed using Lipofectamine 3000 (Thermo Fisher 
Scientific, Inc.), followed by 6 h incubation at 37˚C with 
5% CO2 before medium change Neutrophils were divided 
into 5 groups: Control, vector, BCL2A1‑OE, G0S2‑OE and 
BCL2A1‑OE + G0S2‑OE. Neutrophils and MCF‑7 cells 
(5x105 cells/ml) were separately seeded in a two‑chamber 
culture system. Using a Transwell model, MCF‑7 cells 
were plated in the lower chamber with culture medium in 
the upper chamber. Neutrophils (1x106 cells/ml) were then 
seeded in the upper compartment of the Transwell insert 
and co‑cultured with the lower‑chamber breast cancer cells 
for 24 h under standard incubation conditions. MCF‑7 cells 
(cat. no. HTB‑22) were purchased from the American Type 
Culture Collection.

Cell Counting Kit‑8 (CCK‑8) assays. Assays were conducted 
using a CCK‑8 reagent. The cells were plated in 96‑well plates 
at a density of 1x104 cells per well. Next, 10 µl of CCK‑8 was 
added to each well in a light‑protected environment. The cells 
were then incubated at 37˚C in a 5% CO2 atmosphere for 
1.5 h. Finally, absorbance was measured at 450 nm using a 
ThermoMax microplate reader.

Transwell migration assay. For the cell migration assay, 
200 µl of cell suspension (1x105 cells) was added to the upper 
compartment of a Transwell chamber with an 8‑µm pore size 
and a 24‑well insert. In each well, 50 µl of serum‑free medium 
supplemented with 10 g/l BSA was mixed with the co‑cultured 
cells in the upper chamber. The lower chambers contained 
10% FBS. Cell migration ability was assessed by counting 
the number of cells that migrated to the lower chamber of the 
Transwell using a fluorescence microscope (IX51; Olympus 
Corporation).

Cell scratch assay. A total of ~5x105 cells were placed into 
a six‑well plate, with three replicate wells designated for 
each group. Cells were maintained in serum‑free medium 
throughout the assay. Once the cells adhered to the surface 
in a single layer, a 200‑µl pipette tip was employed to create 
vertical scratches in the six‑well plate. The cells were then 
washed three times with PBS, and the suspension was discarded 
before incubating the cells in a chamber with 5% CO2 at 37˚C. 
Images were captured under a microscope at 0 and 48 h, and 
the experiment was repeated three times.

Statistical analysis. All statistical analyses were conducted 
using GraphPad Prism 8 (version  8.0; Dotmatics) 
and R software (version  4.2) (https://cran.r‑project.
org/bin/windows/base/old/4.2.0/). The data are presented as 
the mean ± standard deviations (SDs). Statistical analyses were 
performed using unpaired two‑tailed t‑test for two groups 
or one‑way ANOVA for more than two groups, followed by 
Tukey's post hoc test for multiple comparisons. P<0.05 was 
considered to indicate a statistically significant difference.

Results

Single‑cell RNA sequencing (scRNA‑seq) reveals the cell 
composition of preeclamptic and control placentas. To 
examine cell‑type‑specific changes in preeclampsia at 
the single‑cell level, scRNA‑seq) was performed on the 
GSE173193 dataset, which included two control patients and 
two preeclamptic patients. After conducting quality control 
and normalization, the first 2,000 highly variable genes within 
the cells were identified (Fig. 1A). Dimensionality reduction 
was then performed using PCA to analyze the linearly scaled 
scRNA data, focusing on the top two principal components 
for further investigation. The PCA results indicated a distinct 
separation between preeclamptic and control placental cells 
(Fig. 1B). Based on the elbow point criterion, the optimal 
number of principal components was determined to be 10 
(Fig. 1C). Heatmaps illustrating the top 20 marker genes for 
each principal component are shown (Fig. 1D). Using the 
UMAP method, the placental cells were clustered into 18 
groups (Fig. 1E). The top ten marker genes of each cell cluster 
are presented in Figs. S1 (group 0‑8) and S2 (group 9‑17).

Identification of cell types and their marker genes in placental 
cells. Next it was aimed to identify various cell types within 
placental cells from both normal individuals and patients with 
preeclampsia. Using known marker genes, 12 distinct cell 
types were annotated (Fig. 2A). The relative abundance of each 
cell type is illustrated in Fig. 2B. Notably, differences in the 
ratios of placental cells were observed between preeclampsia 
patients and controls. By applying a |logFC|≥0.1, a minimum 
expression ratio of the cell population of 0.25, and a P≤0.05, 
novel marker genes were identified for each cell type. The top 
ten marker genes for each cell type were visualized as follows: 
Neutrophils (ALOX5AP, BCL2A1, CAMP, CXCL8, G0S2, 
IFITM2, RETN, S100A12, S100A8 and S100A9); villous 
cytotrophoblast cells (CCNB1, CDK1, HIST1H4C, HMGB1, 
PTTG1, STMN1, TUBA1B, TUBB, TYMS and UBE2C); 
extravillous trophoblast cells (AOC1, EBI3, FN1, FSTL3, 
HPGD, NOTUM, PAPPA2, PRG2, SERPINE2 and TAC3); 
and syncytio‑trophoblast cells (CGA, CYP19A1, ERVFRD‑1, 
GADD45G, GDF15, HOPX, INSL4, KISS1, KRT23 and 
CSH1) (Fig. S3). Additionally, the expression levels of the 
known marker genes used for cell type annotation were 
analyzed (Fig. 2C).

Cell‑cell interactions based on ligand‑receptor interactions 
and reconstruction of the temporal dynamics of trophoblasts. 
The placenta is formed through a complex process that requires 
the collaborative efforts of various cell lineages. Intercellular 
communications among different cell types govern the proper 
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functions of metazoans and heavily depend on the interactions 
between secreted ligands and cell‑surface receptors. Based on 
marker genes, ligand‑receptor interactions were identified. It 
was demonstrated that each cell type possesses a significant 
number of receptor ligands (Fig. 3A and B). Among these 
interactions, those occurring between macrophages and other 
cells show the highest number and intensity in the placentas of 
patients with preeclampsia. Additionally, there are numerous 

interactions between neutrophils and other cells that are char‑
acterized by high intensity as well. Overall, the present findings 
suggest that complex intercellular communication occurs 
within the placental microenvironment, with distinct changes 
in this communication. Furthermore, to explore the evolu‑
tionary processes of trophoblasts, the present study utilized 
the Monocle tool to uncover pseudo‑temporal ordering due 
to the similarity of cell clusters with developmental lineages. 

Figure 1. Cellular composition of preeclamptic and control placentas. (A) Top two principal component analyses according to standard deviation. (B) PCA 
plots of placenta cells between preeclampsia and control. (C) Elbow‑plot determining the optimal principal components. (D) Heatmaps showing the top 20 
marker genes in each principal component analysis. (E) Cell clusters based on the screened principal component analyses. PCA, principal component analysis.
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Figure 2. Identification of cell types and their marker genes across preeclampsia and control placentas cells. (A) UMAP plots showing cell types identified by 
marker genes. Each cell type was colored by a unique color. (B) The cell ratio among preeclampsia and control placenta cells. (C) Integrated analysis showing 
marker genes across cell types. The size of each circle reflects the percentage of cells in each cell type where the gene was detected, and the color shadow 
reflects the average expression level within each cell type. UMAP, Uniform Manifold Approximation and Projection.
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The trends of pseudotime‑dependent genes along the pseudo-
timeline were categorized into nine cell clusters of trophoblasts, 
each exhibiting diverse expression dynamics. The analysis 
indicated a progressive development of trophoblasts from 
Cluster 7 to Cluster 9 (Fig. 3C‑E); syncytio‑trophoblast and 
extravillous trophoblast cells were positioned at the beginning 
of the differentiation process, while villous cytotrophoblast 
cells were found at the end. This suggests that extravillous 
trophoblast cells or syncytio‑trophoblast cells may differen‑
tiate into villous cytotrophoblast cells during the development 
of preeclamptic placentas, suggesting that different trophoblast 
subtypes may fulfill distinct biological functions.

Biological processes associated with marker genes of 
trophoblast and neutrophil subsets. To further investi‑
gate the functional status and potential regulatory factors 
associated with trophoblast and neutrophil subsets in 

preeclamptic placentas, GO and Kyoto Encyclopedia of 
Genes and Genomes (KEGG) enrichment analyses on the 
DEGs identified in the cell populations (Fig. 4A‑D) were 
performed in the present study. The results indicated that in 
the annotated villous cytotrophoblast cell populations, the 
biological functions were primarily enriched in the regula‑
tion of cell metabolism, biosynthesis, mitosis and cell cycle 
processes. This aligns with the findings of Zhou et al (28). 
In the annotated extravillous trophoblast cell population, 
biological functions were mainly related to proteolysis, 
cell migration and movement, angiogenesis and regulation. 
For the annotated syncytio‑trophoblast cell population, 
genes linked to biological functions were enriched in the 
positive regulation of cell apoptosis and death, as well as 
hormone regulation. In the annotated neutrophil popula‑
tion, biological functions predominantly involved cell 
activation, responses to cytokine stimulation, cell migration, 

Figure 3. Intercellular communication network. (A) The solid circles with different colors represent different cell groups. The size of the solid circle is 
proportional to the number of cells corresponding to the cell group. The color of each side is consistent with the signal sender, and the thickness of the side is 
proportional to the communication intensity. (B) The color of the dot indicates different cell groups, and the size of the dot is proportional to the number of 
ligands and receptors inferred from each cell group. The x axis and y axis respectively indicate the strength of the cell group as a signal sender and receiver. 
The color of each dot represents distinct cell groups, and the size of the dot corresponds to the number of ligands and receptors inferred from each group. 
The x‑axis and y‑axis indicate the strength of the cell group as a signal sender and receiver, respectively. (C‑E) Pseudotime ordering of trophocyte. Each dot 
represented one cell, and each branch represented one cell state. The left plot was labeled with cell states, and the right plot was labeled with developmental 
time; each dot represented an individual cell, while each branch indicated a specific cell state. The left plot was labeled with cell states, whereas the right plot 
was labeled with developmental time.
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movement, the actin filament process and the inflammatory 
response. Regarding cell components, the genes were mainly 
enriched in lysosomes and secretory granules. In terms of 

molecular function, the genes showed enrichment primarily 
in kinase and protein kinase binding, actin binding, and 
immune receptor activity. The KEGG pathway enrichment 

Figure 4. GO and KEGG enrichment. (A‑D) GO and KEGG enrichment analysis of genes enriched in (A‑C) trophoblasts and (D) neutrophils. GO, Gene 
Ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes.
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analysis revealed significant pathways such as phagosomes, 
pulmonary tuberculosis, leukocyte migration across the 
endothelium, Fcγ receptor‑mediated phagocytosis and the 
formation of neutrophil extracellular traps.

BCL2A1 and G0S2 genes are significantly increased in 
neutrophils from preeclamptic placental tissue. The flow 
cytometric results indicated that GR‑1 was downregulated 
in the preeclampsia group compared with the normal group 
(P<0.05; Fig. 5A). RT‑qPCR results revealed that BCL2A1 
and G0S2 were upregulated in the preeclampsia group rela‑
tive to the normal group (P<0.05; Fig.  5B). Western blot 
analysis revealed that the expression of BCL2A1 and G0S2 
was increased in the preeclampsia group compared with the 
control group (P<0.05; Fig. 5C). Immunofluorescence results 
demonstrated that the expression levels of BCL2A1 and G0S2 
were significantly higher in the preeclampsia group than in the 
control group, while GR‑1 expression was significantly lower 
in the preeclampsia group (P<0.05; Fig. 5D and E).

Overexpression of the BCL2A1 and G0S2 genes in neutro‑
phils promotes the production of NETs. The RT‑qPCR 
results indicated that circulating free DNA expression was 
upregulated in the groups overexpressing BCL2A1 and G0S2 
compared with the blank group (P<0.05; Fig. 6A‑C). Western 
blot analysis showed that the expression of PAD4, citH3, 
NE and MPO was increased in the BCL2A1‑overexpressing 
and G0S2‑overexpressing groups relative to the blank group 
(P<0.05; Fig. 6D‑H).

Clinical relationship between BCL2A1 and G0S2 genes and 
BC. The combined analysis of the GEO (GSE24129) and 
TCGA‑BC datasets identified 4,183 DEGs, comprising 2,040 
upregulated genes and 2,143 downregulated genes (Fig. 7A). 
The present study specifically focused on the upregulated 
genes BCL2A1 and G0S2. Using the TCGA‑BC database, 
patients were categorized into high‑ and low‑BCL2A1 groups. 
To assess the diagnostic accuracy of the prognostic risk model, 
the areas under the time‑dependent ROC curves (AUCs) were 
calculated. The AUCs for the risk model in predicting 3‑, 5‑, 
and 7‑year survival were 0.416, 0.386, and 0.410, respectively 
(Fig. 7B). Additionally, patients with high BCL2A1 expres‑
sion did not show significantly different overall survival (OS) 
compared with those with low BCL2A1 expression (Fig. 7C). 
In the subgroup analyses based on G0S2 expression, the AUC 
of the risk model for predicting 3‑, 5‑, and 7‑year survival 
was 0.448, 0.426, and 0.436, respectively (Fig. 7D). Patients 
with high G0S2 expression also did not exhibit significantly 
different OS when compared with those with low G0S2 
expression (Fig. 7E). These results indicated that the models 
lack strong predictive power. Consequently, further analysis 
of the DEGs between patients with preeclampsia and BC 
was performed using Venn diagrams, which revealed 27 
overlapping upregulated DEGs, including BCL2A1 and G0S2 
(Fig. 7F).

Co‑expression modules for 27 DEGs. To further investigate 
these 27 DEGs, WGCNA was conducted to uncover the inter‑
actions and coregulatory mechanisms among them. A cluster 
tree of samples was constructed using a scale‑free network and 

topological overlap based on dynamic hybrid cutting (Fig. 7G). 
The optimal soft threshold was determined according to the 
fitting index and the average degree of network connection, 
in line with the scale‑free topology criterion (Fig. 7H). Based 
on this optimal soft threshold, the gene modules were catego‑
rized into two distinct modules, and a module cluster graph 
was created (Fig. 7I). A correlation analysis was performed 
between the modules and clinical features, presenting the 
results in a heatmap (Fig. 7J). The analysis revealed that the 
turquoise module exhibited the strongest correlation with 
tumors (R=0.77, P=5e‑241; Fig. 7K). The genes within this 
module were then analyzed and the core genes closely associ‑
ated with preeclampsia and BC (BCL2A1 and G0S2) were 
further identified (Fig. 7L).

Overexpression of the BCL2A1 and G0S2 genes in neutro‑
phils inhibits malignant progression of BC cells. To validate 
this hypothesis, neutrophils that were overexpressing BCL2A1 
and G0S2 were co‑cultured with MCF‑7 cells indirectly, 
followed by functional analysis. The results from the CCK‑8 
assay indicated that the combination of BCL2A1‑OE and 
G0S2‑OE led to a reduced proliferation capacity in MCF‑7 
cells (P<0.05; Fig. 8A). Transwell experiments demonstrated 
that the BCL2A1‑OE + G0S2‑OE group showed a significant 
reduction in the invasive ability of MCF‑7 cells (P<0.05; 
Fig. 8B and C). Additionally, this group also displayed the 
lowest level of migration (P<0.05; Fig. 8D and E). These find‑
ings suggest that the co‑culture of BC cells with neutrophils 
overexpressing BCL2A1 and G0S2 inhibits the proliferation, 
invasion and migration of BC cells.

BCL2A1 and G0S2 gene expression levels were significantly 
elevated in neutrophils from BC tissue, and there was also 
an increase in NETs. To confirm the present findings, the 
expression levels of BCL2A1, G0S2, cf.‑DNA, PAD4, 
citH3, NE and MPO in BC neutrophils were assessed using 
RT‑qPCR and western blotting. Additionally, immunofluo‑
rescence was employed to further validate the expression 
of the BCL2A1 and G0S2 genes in neutrophils. Notably, 
the RT‑qPCR results indicated that the mRNA expression 
levels of BCL2A1 and G0S2 were significantly elevated in 
BC neutrophils compared with those in the control group 
(P<0.05; Fig.  9A). Furthermore, western blot analysis 
confirmed that the levels of BCL2A1, G0S2, PAD4, citH3, 
NE and MPO were upregulated in the BC neutrophil group 
compared with the blank group (P<0.05; Fig.  9B). The 
immunofluorescence results demonstrated that the expres‑
sion of BCL2A1 and G0S2 was significantly higher in the BC 
tissue than in the control group, while GR‑1 expression was 
significantly lower in the BC tissue (P<0.05; Fig. 9C and D). 
Collectively, these data suggest that the BCL2A1 and G0S2 
genes play essential roles in regulating neutrophil survival 
in BC tissues.

Discussion

A number of epidemiological studies have shown that 
preeclampsia can reduce the risk of BC through different path‑
ways (29‑32). However, the specific underlying mechanism 
is not yet clear. This is the first study in which multi‑omics 
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Figure 5. BCL2A1 and G0S2 genes are significantly increased in neutrophils from preeclamptic placental tissue. (A) FACS analysis showing neutrophil detec‑
tion in control and preeclampsia placentas. (B and C) The mRNA and protein expression level of BCL2A1 and G0S2 in placentas. (D and E) Expression and 
localization of neutrophils, and BCL2A1 and G0S2 in placental tissue at x10 magnification. ***P<0.001 and ****P<0.0001. All experiments were conducted in 
triplicate. G0S2, G0/G1 switch gene 2; PE, preeclampsia.
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analysis, clinical validation and cell culture experiments 
have been combined to reveal the specific mechanisms 
by which preeclampsia affects the incidence of BC. First, 
single‑cell sequencing data provided a clear understanding 
of the cell‑type‑specific transcriptome alterations that occur 

in preeclampsia placental tissue. The biological processes 
of 27,724 cells, including trophoblasts and neutrophils, were 
identified in 12 different cell types. These findings indicate 
that the biological activities of these cells are mostly related 
to the cell cycle, cell migration, angiogenesis, hormone 

Figure 6. BCL2A1 and G0S2 genes regulate generation of neutrophil extracellular traps. (A‑C) The mRNA expression level of (A) BCL2A1, (B) G0S2 and 
(C) cf‑DNA in neutrophils upon individual and combined overexpression of BCL2A1 and G0S2. (D‑H) The protein expression level of PAD4, citH3, NE 
and MPO in neutrophils. All comparisons were made with empty vector transfection group. ***P<0.001 and ****P<0.0001. All experiments were conducted in 
triplicate. MPO, myeloperoxidase; OE‑, overexpressing; G0S2, G0/G1 switch gene 2.
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Figure 7. Clinical relationship between breast cancer and preeclampsia based on BCL2A1 and G0S2. (A) The volcano plot of DEGs in the integrated Gene 
Expression Omnibus (GSE24129) and TCGA‑breast cancer dataset. Blue dots represent down‑rgulated genes, gray dots represent not significant genes, and red 
dots represent upregulated genes. Blue dots indicate downregulated genes, gray dots represent genes that are not significant, and red dots signify upregulated 
genes. (B‑E) The results of survival analysis showing that SCL2A1 and G0S2 expression levels had no obvious effect on OS. (F) Wenn diagram showing 
overlap of preeclampsia‑associated gene from GSE24129 and genes upregulated in breast cancer from TCGA. (G‑L) Weighted gene co‑expression network 
analysis of identified DEGs. (G) A clustering dendrogram. (H) The determination of soft threshold. (I) Different modules are produced and shown in different 
colors by aggregating genes with strong correlations into a same module. Turquoise modules make up a greater proportion. (J) Heatmap of eigengene adja‑
cency. (K) Clustering of modules. The turquoise module had the highest correlation with the tumor. (L) Module eigengene dendrogram. DEGs, differentially 
expressed genes; TCGA, The Cancer Genome Atlas; OS, overall survival; G0S2, G0/G1 switch gene 2.
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release and the inf lammatory response. This stage of 
disease progression is crucial to our understanding of this 
disease. Therefore, the authors focused on the genes whose 

expression increased in neutrophils, BCL2A1 and G0S2, to 
further investigate the relationship between preeclampsia 
and BC.

Figure 8. Overexpression of the BCL2A1 and G0S2 genes in neutrophils inhibits malignant progression of breast cancer cells. (A) Bar‑graph showing changes 
in viability of MCF‑7 cells when co‑cultured with neutrophils transfected with individual or combination of BCL2A1 and G0S2 overexpression constructs. 
(B) Transwell assays showing the migration of MCF‑7 cells at 4 magnification upon co‑culturing with neutrophils transfected with individual or combination 
of BCL2A1 and G0S2 overexpression constructs. (C) Bar‑graph showing quantification of migratory cells from (B). (D) In vitro scratch assay showing the 
migration of MCF‑7 cells at x4 magnification upon co‑culturing with neutrophils transfected with individual or combination of BCL2A1 and G0S2 overexpres‑
sion constructs. (E) Bar‑graph showing quantification of wound breadth from (D). **P<0.01. All experiments were conducted in triplicate. OE‑, overexpressing; 
ns, not significant; G0S2, G0/G1 switch gene 2.

https://www.spandidos-publications.com/10.3892/or.2025.8897


XIAO et al:  NETS AS PROTECTIVE MECHANISM IN PREECLAMPSIA AGAINST BREAST CANCER14

Based on information in the TCGA database, the asso‑
ciations between the differential mRNA expression in BC, 
patients and the BCL2A1 and G0S2 genes, and the survival 

rate of patients with BC were examined. Similarly, the 
expression of the BCL2A1 and G0S2 genes was elevated in 
BC. The genes upregulated in BC from the TCGA database 

Figure 9. BCL2A1 and G0S2 gene expression levels were significantly elevated in neutrophils from breast cancer tissue, along with increase in production 
of neutrophil extracellular traps. (A) The mRNA expression level of BCL2A1, G0S2 and cf‑DNA in breast cancer tissue compared with control. (B) The 
protein expression level of BCL2A1, G0S2, PAD4, citH3, NE and MPO in breast cancer tissue compared with control. (C and D) Expression and localization 
of neutrophils, and BCL2A1 and G0S2 in breast cancer cells at x10 magnification. **P<0.01, ***P<0.001 and ****P<0.0001. All experiments were conducted in 
triplicate. MPO, myeloperoxidase; G0S2, G0/G1 switch gene 2.
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were combined with the preeclampsia dataset from the GEO 
database by Venn diagram analysis to identify 27 overlap‑
ping genes, including BCL2A1 and G0S2, to study the 
relationship between preeclampsia and BC. According to our 
findings, the BCL2A1 and G0S2 genes are associated with 
both preeclampsia and BC, and they may be crucial in the 
onset and progression of these two diseases. Using WGCNA 
analysis, it was also discovered that BCL2A1 and G0S2 were 
both important genes. As a result, BCL2A1 and G0S2 may be 
crucial in the disorders preeclampsia and BC.

Like other Bcl‑2 family members, BCL2A1 is crucial for 
controlling apoptosis. It has been revealed that BCL2A1 also 
plays additional critical roles in vascular endothelial cells. 
In activated endothelial cells, TNF‑α was found to be a gene 
caused by cytokine treatment (33). Preeclampsia is a signifi‑
cant pregnancy complication characterized by hypertension, 
proteinuria, endothelial dysfunction and an immune‑inflam‑
matory response (1). In the present study, it was discovered 
that neutrophils from the placental tissue of preeclampsia 
patients had considerably greater BCL2A1 expression. 
BCL2A1 is specifically involved in the pathogenesis of 
preeclampsia. BCL2A1 is a tightly regulated target gene of 
nuclear factor κB (NF‑κB) that plays a crucial role in cell 
survival (34). Additionally, BCL2A1 is primarily expressed 
in the hematopoietic system, where it enhances the survival 
and inflammatory responses of specific subsets of leukocytes. 
According to previous studies, BCL2A1 is overexpressed in 
various cancer types, including ovarian cancer (35), BC (36), 
colon cancer (37) and prostate cancer (38). Furthermore, as 
an NF‑κB target gene, BCL2A1 also plays a significant role 
in inflammation (34). Inflammation is a key aspect of the 
innate immune response, with NOD‑like receptors partici‑
pating in inflammasome formation under the influence of 
pattern recognition receptors (PRRs). One of the primary 
signaling pathways activated by PRRs involves the activa‑
tion of NF‑κB and the upregulation of proinflammatory 
genes (39). Consequently, the formation of inflammasomes 
may also trigger the expression of BCL2A1, thereby 
supporting the survival of proinflammatory cells during the 
immune response (34). The present findings suggest that the 
overexpression of BCL2A1 in neutrophils could promote 
apoptosis and inhibit the proliferation of BC cells, providing 
a plausible explanation for this observation.

G0S2 was initially discovered to be involved in the 
transition of the cell cycle from the G0 to the G1 phase 
induced by lectin (40). The G0S2 gene plays an important 
role in cell cycle regulation and apoptosis (41). Studies have 
shown that G0S2 can affect cell apoptosis and survival by 
inhibiting lipolysis and fatty acid oxidation under certain 
conditions (42,43). Furthermore, the expression of G0S2 
may be associated with the function of vascular endo‑
thelial cells and vascular pathology. For example, G0S2 
can ameliorate oxidative low‑density lipoprotein‑induced 
vascular endothelial cell damage by regulating mitochon‑
drial apoptosis (44). Placental abnormalities and metabolic 
disorders are important features of preeclampsia, and 
adipose metabolism plays a role in these conditions (45). 
Moreover, adipose tissue also plays an important regula‑
tory role in the progression of breast tumors, as adipose 
tissue can provide nutrients and adipokines for proliferating 

tumor cells. Studies have shown that fatty acid metabolism 
also plays an important role in various aspects of tumor cell 
proliferation, transformation and migration (46). It has been 
reported that siRNA‑mediated knockdown of G0S2 leads 
to reduced proliferation, migration and invasion of BC 
cells, suggesting that G0S2 is a major factor that promotes 
the survival and metastasis of BC cells (47). Notably, the 
present findings revealed that the overexpression of G0S2 
in neutrophils can reduce the proliferation, invasion and 
migration capacity of BC cells. This suggests that the inva‑
sion and migration of BC cells are influenced by fatty acid 
metabolism, where the overexpression of G0S2 can inhibit 
fatty acid oxidation, thereby disrupting the invasive and 
migratory abilities of BC cells.

Furthermore, G0S2 can localize to the endoplasmic retic‑
ulum and mitochondria (48,49). G0S2 can interact with Bcl‑2, 
preventing the formation of the Bcl‑2/Bax heterodimeric 
complex by controlling mitochondrial membrane permeability 
and cytochrome release, thereby modulating its antiapoptotic 
activity in human cancer cells (49). Thus, these results suggest 
that the synergistic effect of BCL2A1 and G0S2 in neutrophils 
can inhibit the growth and metastasis of BC cells.

Neutrophils are the first line of defense in the immune 
system, and they function by phagocytosis and degranulation. 
Recent research has unveiled the existence of a distinctive 
variant of neutrophil death, known as neutrophil necrosis. 
This process actively contributes to the extermination of 
pathogens through the extracellular release of NETs  (50). 
NETs are intricate DNA networks filled with antimicrobial 
peptides that are diligently discharged by neutrophils in 
response to diverse stimuli. NETs are not only essential for 
neutrophil innate immune responses but also play a role in 
autoimmune diseases such as systemic lupus erythematosus, 
rheumatoid arthritis  (51) and psoriasis  (52). Additionally, 
they are implicated in non‑infectious conditions, including 
coagulopathies (53), thrombosis (54), diabetes (55) and athero‑
sclerosis (56). Notably, NETs play dual roles in tumors, serving 
both as facilitators and inhibitors of tumor progression. 
NETs composed of myeloperoxidase, proteases and histones 
can eliminate tumors, and impede tumor proliferation and 
metastasis. However, they also have the potential to degrade 
the extracellular matrix, promoting the escape and metastasis 
of cancer cells  (57). In the present study, an increase was 
observed in the release of NETs in BC. In vitro cell experi‑
ments indicated that the BCL2A1 and G0S2 genes regulate 
the generation of NETs, leading to the inhibition of prolifera‑
tion, migration and invasion in BC cells. Consequently, NETs 
can potentially impede the malignant progression of BC by 
suppressing the biological functions of these cells.

The present study has several limitations. First, the small 
public dataset used could skew the outcomes of the investiga‑
tion. Second, the present study confirmed a lower risk of BC 
in preeclamptic women, which is consistent with the results 
reported in the majority of related studies (29‑32); however, 
there are also conflicting results. A positive correlation was 
reported in one study (58), and it was also reported in two 
additional studies (59,60). Finally, additional research is still 
needed to confirm the co‑expression of BCL2A1 and G0S2 as 
a reliable indicator of preeclampsia and BC. In conclusion, the 
present study proposed that neutrophils may be co‑pathogenic 
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factors between preeclampsia and BC, and further elucidated 
that BC risk was reduced in patients with preeclampsia due 
to the regulatory role of the BCL2A1 and G0S2 genes in 
neutrophil‑mediated NET production (Fig. 10).
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